To examine the role of physiological Akt signalling in pathological hypertrophy through analysis of PHLPP1 (PH domain leucine-rich repeat protein phosphatase) knock-out (KO) mice.
Introduction
In response to diverse stressors, the adult heart undergoes hypertrophic enlargement, that is, a compensatory process that attempts to maintain or augment pump function. Normal hypertrophy observed in trained athletes or following postnatal development is referred to as 'physiological' hypertrophy. 1 -4 In contrast, cardiac hypertrophy observed under conditions such as hypertension or myocardial infarction is referred to as 'pathological' hypertrophy since it is associated with cardiac dysfunction that ultimately transitions to heart failure. 5, 6 Pathological growth is characterized by re-expression of a foetal gene programme, including b-myosin heavy chain (b-MHC) and a-skeletal actin (a-skActin), as well as by up-regulation of the natriuretic peptides, atrial natriuretic peptide, and brain natriuretic peptide (BNP). 7 Endocrine, paracrine, and autocrine regulatory factors directly influence cardiac hypertrophy and apoptosis through their actions on membrane receptors, including G-proteincoupled receptors, which transduce signals involving enzymes such as mitogen-activated protein kinases (MAPKs), protein kinase C (PKC), calcineurin-NFAT, and Akt. 6,8 -10 Numerous studies have implicated Akt in regulating cardiac growth, 11 -13 contractile function, 11,14 -16 and angiogenesis. 17 -19 Dysregulation of Akt activity has been associated with cancer, diabetes, and cardiovascular disease. 8, 20, 21 There are three isoforms of Akt (Akt1, Akt2, and Akt3) encoded by different genes and expressed in a tissuespecific manner in mammalian cells. The Akt isoforms share similar structures, but their physiological functions in vivo are non-redundant as indicated by distinct phenotypes in isoform-specific gene-targeted mice. 22 -24 Recently, a novel protein phosphatase PHLPP [PH domain leucine-rich repeat (LRR) protein phosphatase] was discovered, which dephosphorylates Akt on its hydrophobic motif, contributing to termination of Akt signalling. The PHLPP family of phosphatases is comprised of three members, PHLPP1a and PHLPP1b (splice variants of the same gene) and PHLPP2. The PHLPP isoforms have an identical domain structure in which a PH domain is followed by a region of LRRs, a PP2C phosphatase domain, and a C-terminal PDZ ligand domain. 25, 26 In addition, PHLPP1b and PHLPP2 contain a Ras-association domain (RA domain) preceding the PH domain. 26, 27 Cellular localization studies reveal that PHLPP1 and PHLPP2 are present throughout the cell 25, 26 and both are expressed in cardiomyocytes. 28 PHLPP has also been found to dephosphorylate the hydrophobic motif of conventional and novel PKC isoforms in vitro, affecting PKC stability and thus the level of expression. 29 However, studies in which PHLPP was removed in cardiomyocytes and the heart demonstrated that the expression of PKC was unaffected. 28 Recently, other substrates with hydrophobic motifs have been identified as substrates for dephosphorylation by PHLPP. One such protein, S6K, is involved in protein translation and its activity is reduced by dephosphorylation by PHLPP. 30 Also, Mst1, which is a pro-apoptotic kinase, is a direct target of PHLPP through dephosphorylation of its inhibitory site Thr387. However, since Akt down-regulates Mst1 by phosphorylating its inhibitory site to cause protection, PHLPP therefore can regulate Mst1 indirectly by limiting Akt activity. 31 Overall, PHLPP limits second messenger signalling and opposes cell growth and survival. Physiological hypertrophy is initiated by various stimuli including mechanical stretch, endocrine, and hormonal factors. 2, 3, 32 Importantly, during physiological hypertrophy, there is no significant interstitial fibrosis or cardiac dysfunction nor is there up-regulation of foetal gene expression. Akt activation is required for physiological growth of the heart, 12 and cardiac-specific overexpression of a constitutively active Akt mutant increases angiogenesis and cardiac mass and has been shown to be cardioprotective following pressure overload. 33, 34 However, prolonged expression of activated Akt, which is membrane targeted, has negative inotropic effects and leads to decompensation and heart failure. 35 The location of constitutively activated Akt accounts for the development of pathophysiology since nuclear or SR targeted Akt has no deleterious effect on cell size in the heart and improves cardiac function and reduces apoptosis under pathological stress. 36 -38 The level of Akt activity in these transgenic model systems is supraphysiological thus sustained high levels of kinase activity and its location could account for the development of deleterious effects. The effects of more physiological spatiotemporal increases in Akt signalling on cardiovascular growth and function have not been directly examined. Global deletion of PHLPP1 elevates basal and transiently accentuates agonist-induced Akt activation in the heart. 28 Using this genetic model, we demonstrate that a modest increase in Akt activity in the heart does not affect basal cardiomyocyte growth. In the face of stress induced by pressure overload, however, hypertrophy is diminished while in contrast the physiological hypertrophic response to swimming is accentuated. We suggest that removing the normal break on Akt activation imposed by the PHLPP1 phosphatase accentuates physiological Akt activation, which exerts salutary effects in protecting the heart against pathological stress.
Methods

Animals
All procedures were performed in accordance with NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of California San Diego. Generation of global homozygous Black Swiss/SV129 PHLPP1 knock-out (KO) mice has been previously described. 28, 39 All experiments were performed on age-matched male wild-type (WT) and KO littermates.
Hypertrophy studies
Pathological hypertrophy was induced by transverse aortic constriction (TAC) in male 8-to 10-week-old WT and KO mice as previously described. 40, 41 Mice were anaesthetized under 2% isoflurane, intubated, and ventilated. Mice were euthanized by cervical dislocation and analysed following 1 day or 2 weeks TAC. For functional assessment following pressure overload, non-invasive echocardiography was performed to calculate fractional shortening and pressure gradients as described previously. 40, 41 Echocardiographic assessment of function following TAC was performed in a blinded fashion. Swimming for 20 days as a model of exercise-induced hypertrophy was also performed. 41 Swimming mice were monitored for equal exertion. Upon completion of the study, mice were euthanized by cervical dislocation and cardiac phenotype analysed.
Immunoblotting
Hearts were obtained from WT and KO mice at baseline or subjected to TAC or exercise for various times. Hearts were removed directly and immediately frozen in liquid nitrogen till further processing. Adult mouse ventricular myocytes (AMVMs) were isolated from WT and KO mice as previously described. 28 Tissue or cells were homogenized in lysis buffer 28 and protein concentrations determined by Bradford assay. Total and phosphorylated proteins were determined by western blot as previously described. 28 The PHLPP1
and PHLPP2 antibodies used were from Bethyl Laboratories (Montgomery, TX, USA). Total Akt, phosphorylated (phopsho)-Akt (Ser473 and Thr308), phospho-MDM2, phospho-GSK3a/b, phospho-ERK1/2, phospho-Mst1 (Thr183), phospho-p70S6kinase, cleaved caspase 9, cleaved caspase 3, VEGF-a, actinin, and GAPDH antibodies were obtained from Cell Signaling Technology (Boston, MA, USA). Total pan PKC, PKCa, and PKCd were from Santa Cruz Biotechnology (Dallas, TX, USA). Fold changes were determined by densitometry, normalized to accompanying GAPDH or actinin blots, and changes were expressed as relative values compared with WT samples.
Akt kinase assay
Extracts (150 mg) from WT and KO hearts were incubated with an antibody to Akt1 overnight. Akt catalytic activity was assessed using a nonradioactive Akt kinase assay kit following the manufacturer's protocol (Cell Signaling Technology). 28 The change in catalytic activity of Akt was determined by densitometry of a phosphorylated GSK-3 substrate and normalized to total immunoprecipitated Akt. The activity of Akt was expressed as fold change relative to WT or control samples.
Immunohistochemistry
Hearts were collected at the indicated times as previously described, 41 fixed in 3.5% paraformaldehyde, and embedded in paraffin. Serial 5 mm sections were cut and stained with haematoxylin and eosin (H&E) to look at gross morphology or Masson's trichrome for collagen deposition. For assessment of cross-sectional area, tissue was stained with TRITC-labelled wheat germ agglutinin (WGA; Sigma, St Louis, MO, USA) and nuclei with DAPI (Vector Laboratories, Burlingame, CA, USA). Co-staining for capillaries was performed with anti-CD31 (EMD Millipore, Billerica, MA, USA). For cellular death associated with TAC, apoptosis was detected using a TRITC deoxynucleotidyltransferase-mediated dUTP nick-end labelling (TUNEL) protocol (Roche, San Francisco, CA, USA) and co-stained with DAPI for nuclear visualization. 39 In brief, an operator blinded to the treatment set counted cell death, capillary-to-myocyte ratio, and measured and quantified fibrosis and the cellular area across cells with central nuclei using the ImageJ software (version 1.40 g, NIH, Bethesda, MD, USA).
RNA isolation and qPCR
Total RNA was isolated using a micro-RNA isolation kit (Invitrogen, Carlsbad, CA, USA) from WT and KO hearts following TAC. cDNA was synthesized using the Verso cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. Amplification of genes PHLPP1 deletion protects against pathological hypertrophy involved in cardiac hypertrophy and angiogenesis [atrial natriuretic factor (ANF), BNP, a-skActin, b-MHC, collagen 1a (Col1a), collagen 3a (Col3a), VEGF-a, angiopoietin 2 (Angp2), and GAPDH] was analysed using specific probe sets from Applied Biosystems (Invitrogen). The fold change was calculated as previously described 42 and data were normalized to WT Sham.
Microfil injection and coronary cast moulding
Corrosion casting was used to evaluate the intact three-dimensional vascular network in the heart. The microfil injection was based on the previously described protocol. 43 The microfilm resin was prepared according to the protocol in Batson's no. 17 plastic replica and corrosion kit (Polysciences, Inc., Warrington, PA, USA). The hearts were visualized on a dissecting microscope with a CCD camera (×2 magnifications).
Endothelial tube formation assay
Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-day-old rat pups that were euthanized by CO 2 followed by decapitation as previously described. 28 Isolated cells (0.15 × 10 6 /well) were plated on Matrigel pre-coated 24-well plates. Following 24 h of plating, cardiomyocytes were transfected with either scrambled control or a pre-designed rat PHLPP1 ON-TARGETplus siRNA as previously described. 28, 44 After overnight incubation, cells were washed and cultured for another 24 h in serum-free media. Bovine aortic endothelial cells (BAECs; Lonza, Walkersville, MD, USA) were plated on top of NRVMs (0.75 × 10 5 /well) in the presence of 5% foetal bovine serum and 3 ng/mL of basic fibroblast growth factor (bFGF). Tube formation was visualized 6 h later. An operator blinded to the treatment counted six fields photographed at random on an Olympus light microscope (×10 magnification) and the number of tubes/field was calculated.
Statistical analysis
Researchers were blinded to the treatment group during analyses. Data are represented as mean + SEM. Differences are considered statistically significant (P , 0.05) assessed using unpaired Student's t-test (for two groups), one-way (for multiple comparisons), or two-way ANOVAs (for multiple comparisons involving two variables) with post hoc Tukey analysis using the GraphPad Prism software (GraphPad, La Jolla, CA, USA).
Results
Deletion of PHLPP1 increases Akt activity, but does not affect cardiac size or contractile function
Heart extracts from WT, heterozygous, and PHLPP1 KO mice were analysed for PHLPP expression. PHLPP1 protein was decreased by 25% in heterozygous mice and undetectable in the hearts of null mice ( Figure 1A) . No compensatory change in PHLPP2 expression was evident ( Figure 1A) . Removal of PHLPP1 did not affect total Akt expression; however, phosphorylation of Akt at Ser473 was increased nearly two-fold in AMVMs from the PHLPP1 KO ( Figure 1B ) without a change in Thr308 phosphorylation as shown previously. 28 Removal of PHLPP1 did not alter basal cardiomyocyte size. Additionally, analysis of 1-year-old PHLPP1 KO mice showed no significant difference in cardiac function ( Figure 1C ) and no overt change in overall heart weight ( Figure 1D and see Supplementary material online, Table S1 ) compared with WT.
PHLPP1 KO mice have an accentuated response to exercise-induced hypertrophy
Since Akt activation is widely recognized as a mediator of physiological growth of the heart, as occurs during exercise and in response to hormones such as IGF-1, 12, 32, 45, 46 we investigated the effect of PHLPP1 removal on physiological hypertrophy. WT and KO mice were subjected to forced swimming for 20 days and heart size assessed ( Figure 2A) . The ability of exercise to induce hypertrophy was found to be significantly accentuated (39 vs. 23% increase) in PHLPP KO vs. WT mice, respectively ( Figure 2B ). Histological assessment of cardiomyocyte size confirmed greater physiological hypertrophy in KO vs. WT mouse hearts following exercise ( Figure 2C ). PHLPP KO mice also showed increased phosphorylation of Akt as well as several downstream targets (i.e. MDM2, p70S6Kinase, and ERK) relative to WT mice after 3 days swim ( Figure 2D , left panel), which were normalized at 20 days swim ( Figure 2D, right panel) . 
targeted mice
In contrast to the documented role of Akt in physiological hypertrophy, the role of Akt in the development of pathological hypertrophy is controversial. To determine how PHLPP1 removal and subsequent changes in Akt phosphorylation would affect the development of pathological hypertrophy, WT and KO mice were subjected to pressure overload by TAC. The pressure gradients across the aortic constriction were shown to be equivalent and no significant differences in contractile function assessed by echocardiography were observed for either group following 2 weeks TAC (see Supplementary material online, Table S2 ). PHLPP1 KO mice did, however, show a moderate but significant attenuation of hypertrophy, as demonstrated by a smaller increase in heart weight/body weight ratio than in WT mice ( Figure 3A, 29 vs. 46% increase, respectively). Histological examination of the hearts also revealed a significantly reduced increase in cardiomyocyte cell size following TAC in PHLPP1 KO hearts compared with WT ( Figure 3B) . Finally, up-regulation of hypertrophic genes (a-skActin, b-MHC, ANF, and BNP) by TAC was reduced in the KO mouse heart ( Figure 3C ).
Akt activation in response to pressure overload
As previously reported, PHLPP1 KO hearts have increased basal Akt Ser473 phosphorylation ( Figure 4A and C ) and Akt1 activity ( Figure 4B) . 28 TAC significantly increased Akt Ser473 phosphorylation between 1 and 14 days TAC in PHLPP1 KO, but not in WT, mice ( Figure 4A ). Akt1 kinase activity also remained significantly greater in PHLPP1 KO vs. WT animals subjected to TAC ( Figure 4B ). All Akt targets examined (i.e. GSK3a/b, MDM2, p70S6Kinase, and ERK1/2) had enhanced phosphorylation in the PHLPP1 KO vs. WT hearts at 1 day TAC ( Figure 4C , left panel), which were equalized by 14 days ( Figure 4C , right panel).
PHLPP1 KO mice have decreased fibrosis and cell death following TAC
Since removal of PHLPP1 decreased pathological hypertrophy and activation of foetal genes, we examined cellular fibrosis and cell survival in WT and KO hearts following 2 weeks TAC. Remarkably, PHLPP1 KO hearts showed little fibrosis ( Figure 5A ) as demonstrated by Mason's trichrome staining and changes in Col1a or Col3a gene expression ( Figure 5B ). There was also significantly less cell death following 2 weeks TAC in the PHLPP1 KO mice as assessed by TUNEL staining ( Figure 5C ), and levels of cleaved caspase 9 and caspase 3 were significantly reduced ( Figure 5D ). In addition, activation of Mst1, a pro-apoptotic protein, which is inhibited by Akt activity, was reduced in the KO hearts relative to WT mice following TAC ( Figure 5D ).
PHLPP1 KO mice have increased capillary density
Since it has been demonstrated that increased Akt activity in the heart can increase angiogenesis 33, 47 and recent evidence suggests that angiogenesis can contribute to hypertrophy development, 35, 48 we explored the possibility that changes in angiogenesis might contribute to the altered cardiac growth response observed in the PHLPP1 KO mouse heart. To this end, cast moulding was used to look for possible changes in heart vessel structure. At baseline, the KO mice had an evident increase in capillary bed density compared with WT mice PHLPP1 deletion protects against pathological hypertrophy ( Figure 6A) . To determine the cause of the increase in capillary density, the expression of VEGFa, a protein that can stimulate angiogenesis, was examined. VEGFa protein was significantly elevated in PHLPP1 KO compared with WT mouse hearts at baseline ( Figure 6B ). We then examined the effect of TAC on angiogenesis in WT vs. KO mice as assessed by the ratio of capillaries to myocytes in the heart. KO mice had a significant increase in the ratio of capillary to myocyte at baseline compared with WT mice and following 2 weeks TAC displayed a significantly greater increase than that of their WT counterparts ( Figure 6C) . Furthermore, the expression of mRNA for Angp2 and VEGFa, markers of angiogenesis, were increased in KO, but not in WT, mice following 2 weeks TAC ( Figure 6D) .
To determine whether paracrine signalling from cardiomyocytes in PHLPP KO mice could affect capillary density, we carried out in vitro capillary tube formation experiments. Neonatal rat cardiomyocytes treated with scrambled or PHLPP1 siRNA were co-cultured with BAECs. siRNA-mediated knockdown of PHLPP1 in cardiomyocytes increased the number of tubes formed following serum stimulation compared with scrambled siRNA-treated cells ( Figure 7A ). Without BAECs, siRNA-mediated knockdown of PHLPP1 increased VEGFa mRNA expression compared with siRNA-scrambled control in the presence of serum ( Figure 7B) , suggesting that increased Akt in cardiomyocytes stimulates the production of angiogenic factors leading to increased angiogenesis.
Discussion
Despite intensive research into the role of Akt activation in the heart, its importance in regulating pathophysiological hypertrophy remains controversial. Modulation of PHLPP, which can directly dephosphorylate and inactivate Akt, 25, 26, 28 provides a mechanism for fine tuning this pathway and testing the physiological role of Akt in cardiac growth. We demonstrate that gene-targeted removal of PHLPP1 results in a very modest basal Akt activation ( 25% increase) 28 without affecting cell size and accentuates the response to physiological stimulation of Akt as occurs with exercise training or IGF 32 ( Figures 1, 2 , and 4B). Based on several in vivo findings and as discussed in Introduction, the intensity and duration of Akt activation is a critical determinant of its role in physiological and pathological hypertrophy. 33 -35,49 -51 Hormones such as insulin and IGF-1, which are highly effective activators of the Akt signalling pathway, 45, 46 enhance physiological growth of the heart in both rodents and humans. Conversely, removal of Akt1 in the heart inhibits exercise-induced cardiac hypertrophy. 12 Our finding that removal of PHLPP1 accentuates physiological hypertrophy induced by swimming ( Figure 2) suggests that inhibition of PHLPP1 could be beneficial in augmenting physiological adaption of the heart following exercise. Supraphysiological levels and localization of Akt in the heart lead to dysregulation of the signalling pathway and its targets, which ultimately culminates in pathological hypertrophy and failure. 33 -35,49,50 The Akt signalling pathway is not, however, typically considered as an intrinsic maladaptive regulator of pathological hypertrophy. Since the magnitude and duration of Akt activity is clearly relevant to its effect on cardiomyocyte growth following pressure overload, we reasoned that more subtle changes in Akt activation kinetics might actually have salutary effects on pathological hypertrophy development. In support of this possibility, the hypertrophic response to TAC was blunted in PHLPP1 KO compared with WT mice ( Figure 3A) . Removal of PHLPP1 significantly blunted the increase in cardiomyocyte size ( Figure 3B ), attenuated the re-expression of hypertrophic markers ( Figure 3C ), and increased Akt Ser473 phosphorylation. Akt enzyme activity assays using Akt1 and Akt2 antibodies demonstrated that Akt1 activity was increased in PHLPP 1 KO mice at baseline and following pressure overload ( Figure 4A and B), whereas Akt 2 was not (data not shown).
The finding that removal of PHLPP1 accentuates Akt activation and decreases cell death after TAC is consistent with the well-documented anti-apoptotic effect of Akt on cardiomyocytes both in vitro 28, 52 and in vivo. PHLPP1 deletion protects against pathological hypertrophy cell survival, and maintenance of cardiac function ( Figure 4C ) as well as decreased TUNEL-positive cells ( Figure 5C ) and phosphorylation of pro-apoptotic targets ( Figure 5D ). In contrast, WT and PHLPP1 KO mice showed no significant differences in PKC isoform expression (see Supplementary material online, Figure S1 ) or Raf-1 phosphorylation (data not shown), both of which have been shown to be direct PHLPP targets in other systems. 54, 55 There was also no difference in dephosphorylated NFAT between WT and KO mice following 1 day TAC (data not shown), suggesting no underlying defect in the calcineurin signalling pathway 10 in PHLPP1 KO mice.
Blunted hypertrophic growth in the presence of increased Akt activity would not, however, be expected to result from increased cardiomyocyte survival. We determined that removal of PHLPP1 increased the baseline capillary density in the heart compared with WT mice (Figure 6A and C ) . The observation that the KO heart had increased VEGFa mRNA ( Figure 6D ) and protein expression ( Figure 6B ) at baseline is of particular interest as Akt activation within cardiomyocytes has been found to enhance expression of VEGFa, 56, 57 which has in turn been demonstrated to increase coronary angiogenesis. 35, 58 Thus, an increase in Akt activity in cardiomyocytes from PHLPP1 KO is likely to contribute to the increased capillary density found in the heart. Since removal of PHLPP1 is global in our mouse, our finding that knockdown of PHLPP1 specifically in cardiomyocytes in vitro increases their ability to cause endothelial cell tube formation in a myocyte/endothelial cell co-culture system supports our notion ( Figure 7A and B) . Under hypertrophic stress, the heart increases capillary density to meet the demand of oxygen required for growth. WT mice increase their capillary density in response to TAC-induced pressure overload; however, the KO further increases the capillary-to-myocyte ratio compared with their WT counterparts ( Figure 6C ) and angiogenic marker expression ( Figure 6D ). Through co-culture experiments, we have established the possibility that increases in capillary density may in part be due to paracrine signalling from cardiomyocytes lacking PHLPP1 to surrounding endothelial cells within the heart ( Figure 7A and B). We hypothesize that the increased capillary density provides more oxygen to meet cellular demands during hypertrophic growth, which would ultimately allow for reduced overall cell enlargement. In support of our findings, it has been recently demonstrated that inhibition of apoptosis during pressure overload preserves cardiac function through decreased fibrosis and is associated with increased overall angiogenesis and decreased hypertrophy. 48 Our previous finding that ex vivo perfused hearts from PHLPP1 KO mice were protected from oxidative damage could be explained by increased capillary density as well as by the protection of cardiomyocytes by increased Akt activity. 28 Our work is the first to show that removal of the serine/threonine phosphatase PHLPP1, which increases Akt activity in the heart to physiological levels without affecting cell size, increases basal and TAC-induced angiogenesis and ultimately blunts the overall development of pathological hypertrophy in response to pressure overload-induced stress. These findings are consistent with the data of Shiojima et al., 16 demonstrating that activation of inducible expression of Akt following longterm TAC improves cardiac function, and the suggestion that this occurs through inhibition of cell death. Whether removal of PHLPP1, which activates Akt and inhibits cell death, would also rescue the development of heart failure following long-term TAC or myocardial infarction remains to be determined. Future studies using cardiac-specific removal of PHLPP1 will be necessary to determine whether increasing Akt activity in cardiomyocytes is sufficient to affect angiogenesis or whether endothelial or other cells in which PHLPP1 is deleted are also involved. In either case, our work raises the possibility that PHLPP1 inhibition would have therapeutic potential for protecting the heart against stress.
Figure 7
Loss of PHLPP1 in cardiomyocytes increases endothelial cell tube formation. NRVMs were transfected with scrambled control or PHLPP1 siRNA. Following 48 h, (A) BAECs were co-cultured with the NRVMs in the presence of serum (5%) and bFGF (3 ng/mL) for 6 h. Bright field images were taken at ×10 magnification. Quantification of tubes per field was determined. (The graph represents n ¼ 3 independent experiments, six fields per experiment; *P , 0.05 compared with siControl.) (B) Isolation of RNA from NRVMs with scrambled control or PHLPP1 siRNA with or without serum (5%) and bFGF (3 ng/mL) for 6 h (no BAEC). The relative mRNA fold changes in VEGFa were determined compared with siControl (no treatment). [The graph represents n ¼ 6 independent experiments; **P , 0.01 compared with siControl (treated).]
